effects. 3, 5, 6 A healthy vein has the potential for successful outward remodeling; however, adequate maturation may be partially hindered by CKD-induced vasculopathy, such as IH. 4 IH is characterized by an abundance of smooth muscle cells (SMCs), myofibroblasts, fibroblasts, and macrophages that induce venous outflow obstruction, which is a leading cause of stenosis and blood flow reduction or thrombosis. 3, 7 Several vascular biology pathways are involved in IH pathology, including inflammation, uremia, hypoxia, shear stress, and thrombosis. These mechanisms are thought to work in concert through linked cytokine cascades and, possibly, epigenetic changes, resulting in negative remodeling and fistula failure. 3, 8 The nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome is a cytosolic complex that participates in early inflammatory responses. On activation, NLRP3 forms a complex with its adaptor apoptosisassociated speck-like protein containing a caspase-recruitment domain (ASC), which facilitates the conversion of procaspase-1 to active caspase-1. 9 The activated caspase-1 processes pro-interleukin-1b into its mature form, interleukin (IL)-1b, and triggers a related inflammatory response.
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NLRP3 inflammasome signaling is involved in various disease pathogeneses, such as atherosclerosis, 11 myocardial infarction, 12 and insulin resistance. 13 The latest reports indicated that NLRP3 might be crucial to VSMCs and showed that NLRP3 was involved in VSMCs phenotypic switching in hypertension. 14 Moreover, NLRP3
promotes contractile protein degradation in SMCs, which contribute to accelerate abdominal aortic aneurysm or thoracic aortic aneurysm formation. 15, 16 In addition to the inflammasome signaling pathway, NLRP3 and ASC in fibroblasts 17 or dendritic cells 18 seem to be required for Smad2/3 phosphorylation, which is a critical pathway in VSMCs. 19, 20 Yet, the role of NLRP3 in the physiological process of CKD-induced changes in VSMCs and neointima formation in AVFs is poorly defined. Therefore, this study aimed to determine the role of NLRP3 in IH induced by experimental AVFs in the presence of CKD.
Materials and Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. Other researchers may contact the corresponding author about the data and methodological questions.
Human Samples
Great saphenous vein samples without varicosity (used as a control) were obtained from patients undergoing coronary bypass surgery. Outflow vein samples with neointimal hyperplasia were obtained from patients who agreed to undergo surgical AVF revision because of a low AVF flow, as previously described. 21 These samples were collected for pathological examination or for total protein extraction. Background characteristics of patients are shown in Table S1 . The study was conducted according to the Declaration of Helsinki and approved by the Union Hospital Medical Ethics Committee of Huazhong University of Science and Technology. Written informed consent was obtained from patients or family members.
Mice
All animal experiments were performed in a specific pathogen-free barrier facility in accordance with the institutional guidelines and an approved protocol (IORG o: IORG0003571) of Tongji Medical College, Huazhong University of Science and Technology. All animals were male and kept in a 12-hour light/dark cycle. NLRP3 fl/fl mice (with a C57BL/6 background) were generated by the Model Animal Research Center of Nanjing University (Nanjing, China).
Smooth muscle protein 22 alpha (SM22a)-CreER T2 mice were purchased from Shanghai Model Organisms Center, Inc (Shanghai, China). C57BL/6 mice were purchased from HFK Bioscience (Beijing, China). Smooth-muscle-specific knockout NLRP3 (NLRP3 SMC KO ) mice were generated by crossing NLRP3 fl/fl with SM22a-CreER T2 mice, and NLRP3 fl/fl mice that
were not introduced to Cre recombinase were used as littermate controls. Tamoxifen (Sigma, Shanghai, China) was dissolved in corn oil (20 mg/mL) and administered by oral
Clinical Perspective
What Is New?
• Nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) was upregulated in the intimal lesions of arteriovenous fistulas (AVFs), and smooth muscle-specific knockout NLRP3 attenuates AVF neointima formation.
• NLRP3 knockout inhibits smooth muscle cells phenotypic transformation via Smad2/3 suppression.
• MCC950 administration resulted in tolerance to AVFinduced neointima formation despite chronic kidney disease.
What Are the Clinical Implications?
• Our findings suggest that NLRP3 in vascular smooth muscle cells play a crucial role in uremia-associated AVF failure; thus, specifically targeting VSMCs and NLRP3 may be a promising approach for treating AVF failure.
gavage at the indicated time (0.1-0.15 mg tamoxifen/g mouse body weight) in both NLRP3 SMC KO mice and NLRP3
fl/fl littermates.
Murine Models of CKD and AVF
CKD was induced by subtotal nephrectomy in anesthetized mice as described. 22, 23 Briefly, approximately two thirds of the left kidney was resected. Postoperatively, mice received a 6% protein diet to reduce mortality, and then the right kidney was removed 1 week later. Mice received a 40% protein diet 1 week after right kidney removal. The serum of mice was collected 3 weeks after right kidney removal, and blood urea nitrogen and creatinine levels were measured by an automated chemistry analyzer (Chemray 420; Rayto, Shenzhen, China). AVF was created by an end-vein to sideartery anastomosis of the left external jugular vein and the left common carotid artery 3 weeks after right nephrectomy. 23 AVFs were collected to assess for morphological changes. The mice received intraperitoneally MCC950 (10 mg/kg body weight) or a vehicle (0.9% NaCl) every other day after AVF surgery. Blood urea nitrogen, serum creatinine, body weight, blood pressure, and heart rate of NLRP3 SMC KO mice, NLRP3 fl/fl littermates, or MCC950/ vehicle-treated wild-type (WT) mice with CKD were measured on postoperative days (POD) 21. For macrophage depletion, the mice were injected with %50 mg/kg of clodronate liposomes intraperitoneally or an equal volume of PBS liposomes. The injection was repeated 3 days later, and AVFs were performed 6 to 7 days after the first injection; macrophage clearance by clodronate liposomes was verified using flow cytometry.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was obtained using the TRIzol reagent (Invitrogen, Carlsband, CA). A complementary DNA synthesis kit (Takara, Dalian, China) was applied for complementary DNA synthesis. Quantitative real-time polymerase chain reaction (qPCR) was performed using SYBR Premix Ex Taq (Takara) following the manufacturer's protocol on an ABI StepOne Plus System (Applied Biosystems, Framingham, MA). Messenger RNA (mRNA) expressions were normalized using GAPDH as an internal control and analyzed by 2 ÀΔΔCt . The primers listed in Table S2 were designed by Sangon Biotech (Shanghai, China). All the qPCR results were performed in triplicate.
Western Blot
Harvested tissues and cells were lysed on ice using RIPA Lysis Buffer (Beyotime, Shanghai, China) containing a protease inhibitor PMSF (Beyotime). Western blot was performed as previously described. 24 Anti-NLRP3 (Abcam ab214185, Figure S1 .
Histology
We harvested the great saphenous vein, failed AVFs, and outflow vein, including the anastomosis, at various time points. After formaldehyde fixation, dehydration, and paraffin embedding, 5-lm serial sections were obtained for hematoxylin and eosin staining and immunohistochemistry. Procedures were performed as described previously. 21 Primary antibodies included anti-NLRP3 (Abcam ab4207, 1:100 dilution), anti-CD68 (Abcam ab955, 1:100 dilution), anti-Ki67 (Abcam ab15580, 1:100 dilution), anti-calponin 1 (CNN1, Abcam ab46794, 1:100 dilution), anti-proliferating cell nuclear antigen (PCNA, Abcam ab29, 1:100 dilution), and anti-a-SMA (Sigma-Aldrich A2547, 1:100 dilution). Negative controls were included using isotype-matched control antibodies (Abcam). The severity of the pathologic changes was evaluated using the area of the neointimal hyperplasia lesion between the lumen and the vessel wall.
Cell Culture
Male mice aged 6 to 8 weeks were euthanized by cervical dislocation. The bone marrow was isolated from the femur and tibia, filtered through a 70-lm nylon cell strainer, and dissociated in red-blood-cell lysis buffer. Purified cells were cultured in Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum (all from Gibco, Gaithersburg, MD) and macrophage colony-stimulating factor (800 U/mL, Pepro Tech, Oak Park, CA) for another 4 days. Nonadherent cells were removed by aspiration and by washing with Dulbecco's Modified Eagle Medium, and %92% of the remaining macrophages were CD11b-positive cells. 25 Descending thoracic aortas were harvested, cut into small pieces, and digested with type II collagenase (Worthington Biochemical Corporation) at 37°C for 1 hour. The cells were resuspended and cultured in Dulbecco's Modified Eagle Medium containing 20% fetal bovine serum and were used for 3 to 7 passages for the following experiments.
Cell Proliferation and Migration Assay
Primary VSMCs were first cultured in a serum-free medium for 24 hours, treated with 20% CKD serum (derived from CKD mice, the serum was collected 3 weeks after right kidney removal) or normal medium for 48 hours, and subjected to 
Results

NLRP3 Is Upregulated During CKD-Related AVF Failure
In order to examine the role of NLRP3 inflammasome signaling in CKD-related AVF failure, first, we detected NLRP3 expression in the outflow vein of occluded AVFs from patients with CKD, while great saphenous vein samples without varicosity were used as a control. Hematoxylin and eosin staining showed that significant stenosis existed in the occluded AVFs ( Figure 1A ). NLRP3 protein expression was significantly higher in the occluded AVFs than in the common great saphenous vein ( Figure 1B) . The mouse AVF model was obtained by an end-to-side ligation of the jugular vein to the carotid artery in 5 of 6 nephrectomy-induced CKD mice or sham control mice ( Figure S2A and S2B); the venous outflow tract proximal to the anastomosis was harvested on POD 21 ( Figure S2C ). Hematoxylin and eosin and Elastica van Gieson staining indicated that the neointimal/lumen ratio of the AVF outflow vein from CKD mice was significantly higher than that of sham mice ( Figure 1C and 1D ). Co-staining for CNN1 (green) and PCNA (red) was used to quantify the proliferation of VSMCs in the outflow vein, and compared with the sham mice, the CKD mice had a much higher rate of PCNA-positive VSMCs ( Figure 1E and 1F). When the contralateral internal jugular vein served as the control, in response to surgery, NLRP3 mRNA expression of sham mice with AVF changed in a time-dependent manner, as NLRP3 was increased in the mRNA level on POD 7, 14, and 21 but tended to normalize in the convalescent stage until POD 28. However, in AVFs from CKD mice, there was a more pronounced increase of NLRP3 ( Figure 1G ). These results indicated that NLRP3 signaling was upregulated during CKDrelated AVF failure.
VSMCs Express NLRP3 in Neointimal Lesions
Induced by AVF
Given that NLRP3 was upregulated in the outflow vein upon CKD-related AVF failure, an immunofluorescence experiment was performed to determine the cell type(s) that NLRP3 was primarily localized in. After co-staining a-SMA, CNN1, or CD68 with NLRP3, we found that the increase of NLRP3 expression was primarily localized in the a-SMA-positive and CNN1-positive neointimal VSMCs (Figure 2A and 2B). A similar result was verified in the mouse outflow vein on POD 14 after AVF creation. In human samples, the contractile proteins a-SMA and SM22a were downregulated, while the synthetic protein, AVFs. B, NLRP3 protein levels in a human great saphenous vein and occluded AVFs were determined using Western blot analysis (n=4 per group). Quantification is shown on the right. C, HE staining of outflow veins from the sham mice or CKD mice 3 wks after AVF construction. D, EVG staining of outflow veins (left) from the sham mice or CKD mice 3 wks after AVF construction. The severity of intimal hyperplasia was quantified as the neointimal/lumen ratio (n=6 per group, right). E, Immunofluorescence staining for CNN1 (green) and PCNA (red) was performed in outflow veins from the sham mice or CKD mice 3 wks after AVF construction. F, The counts (left) and proportion (right) of PCNA-positive VSMCs were calculated. G, NLRP3 mRNA expression was measured by qPCR in the outflow vein of the AVFs from the sham or CKD mice; the contralateral jugular vein was used as a control (n=4 at each time point per group). Scale bars: 100 lm. *P<0.05; ns, not statistically significant; data were analyzed by the unpaired t test. AVF indicates arteriovenous fistula; CKD, chronic kidney disease; CNN1, calponin 1; EVG, Elastica van Gieson; HE, hematoxylin and eosin; mRNA, messenger RNA; NLRP3, nucleotidebinding oligomerization domain-like receptor protein 3; PCNA, proliferating cell nuclear antigen; qPCR, quantitative real-time polymerase chain reaction; VSMC, vascular smooth muscle cell.
OPN, was upregulated, indicating that VSMCs differentiated into synthetic phenotype in AVF failure ( Figure 2C ). The same VSMC phenotypic transformation was also found in mice ( Figure 2D ). In order to confirm the activation of NLRP3 signaling in VSMCs in vitro, we treated primary VSMCs with sham or CKD mice serum. We observed an obvious upregulation in NLRP3 mRNA levels ( Figure 2E ) and a reduction in the contractile proteins a-SMA and SM22a, while the OPN level was increased simultaneously ( Figure 2F ). To determine the critical factors in CKD mice serum that contribute to the overexpression of NLRP3 in VSMCs, serum from CKD or sham mice was analyzed using enzyme-linked immunosorbent assay. The results showed that levels of IL-1b, IL-6, IL-10, TNF-a, macrophage colony-stimulating factor, HMGB1, and TGF-b were higher in the serum of CKD mice than in that of sham mice ( Figure S3A ). NLRP3 mRNA was found to be upregulated in VSMCs after TNF-a, macrophage colony-stimulating factor, and TGF-b stimulation according to the qPCR assay ( Figure S3B ). However, the role of the NLRP3 signaling pathway in VSMCs and its effect on AVF failure was still unknown.
Smooth Muscle-Specific Deletion of NLRP3 Attenuates Outward IH Despite CKD Figure 3C and 3D). The total mRNA levels of PCNA in the outflow veins were measured at different time points (Figure S6A ), and we found that the difference was more significant at 3 weeks. Therefore, the CNN1-positive and PCNA-positive indexes were used to quantify the proliferation of VSMCs in the outflow veins; compared with the NLRP3 fl/fl mice, the NLRP3 SMC KO mice had a much lower rate of PCNA-positive VSMCs at 3 weeks ( Figure 3E and 3F). Finally, qPCR showed an upregulation of the VSMC marker, SM22a and a downregulation of OPN ( Figure 3G ). Therefore, the smooth muscle-specific deletion of NLRP3 significantly inhibited VSMC proliferation, and decreased the pro-inflammatory response and constrictive remodeling. (left) and CNN1 (green) with NLRP3 (red) (right) were performed to determine NLRP3 localization of sections from occluded AVFs of humans and CKD mice 2 wks following AVF creation; a normal human great saphenous vein and the contralateral intact jugular vein of CKD mice served as controls. B, Immunofluorescence staining for CD68 (green) with NLRP3 (red) was also performed to determine NLRP3 localization of sections from occluded AVFs of humans and CKD mice 2 wks following AVF creation. C, Western blot analysis of a-SMA, SM22a and OPN protein levels in the human great saphenous vein and occluded AVF (n=4 per group). Quantification is shown at the bottom. D, mRNA expression levels of a-SMA, SM22a, and OPN in outflow veins from the sham mice or CKD mice 3 wks after AVF construction. E, In vitro mRNA expression levels of NLRP3 in primary VSMCs from WT mice (VSMCs were harvested after 24 h starvation and 24 h 20% sham mice serum or CKD mice serum stimulation; VSMCs without stimulation were used as a control and measured by qPCR. F, In vitro mRNA expression levels of a-SMA, SM22a, and OPN in primary VSMCs from WT mice (VSMCs were harvested after 24 h starvation and 48 h 20% sham mice serum or CKD mice serum stimulation; VSMCs without stimulation were used as a control and measured by qPCR. (Figure 4A) . The CCK-8 was used to detect the total number of VSMCs after CKD serum stimulation. We found that the number of NLRP3-deficient VSMCs slightly decreased, but there was no statistical significance after 48 hours. However, after 96 hours, the number of NLRP3-deficient VSMCs was significantly lower than those in the controls ( Figure 4B ). Transwell chamber migration assay was performed to evaluate VSMC migration. After CKD serum stimulation, fewer NLRP3-deficient VSMCs, compared with NLRP3 fl/fl VSMCs, migrated through the membrane ( Figure 4C ). Flow cytometry analysis with Annexin V/PI staining was used to quantify VSMC apoptosis upon CKD serum stimulation; we found no significant difference between NLRP3-deficient VSMCs and NLRP3 fl/fl VSMCs ( Figure 4D ). In order to examine whether NLRP3 gene deletion affects VSMC phenotypic switching after CKD serum stimulation, VSMC marker genes were examined by Western blot; SM22a was found to be significantly higher, while OPN was downregulated in NLRP3-deficient VSMCs ( Figure 4E ). These results indicate that NLRP3 ablation inhibits VSMCs proliferation, migration, and phenotypic transformation after CKD serum stimulation.
NLRP3 Deficiency Reduces Crosstalk Between VSMCs and Macrophages
Because VSMCs are a source and target of cytokines, VSMCs may serve as local propagators of the immune response in AVF failure. 3 To determine whether NLRP3-deficient VSMCs Figure 5C and 5D ). The activation of macrophages was assayed by expression of MHC II, CD40, and CD80 (Figure 5E ). The results revealed that NLRP3-deficient VSMCs, compared with NLRP3 fl/fl VSMCs, mainly reduced macrophage chemotaxis and activation (MHC II and CD40). Therefore, we confirmed that NLRP3 in VSMCs promoted inflammatory factor expression and macrophage recruitment in VSMCs.
NLRP3 Deficiency Blocks VSMCs Phenotypic
Transformation Via Smad2/3 Suppression NLRP3 has been reported to affect caspase-1 and IL-1b expression in VSMCs and regulate Smad2/3 signaling in non- VSMCs. In order to ascertain how NLRP3 regulates the phenotypic switching process of VSMCs, we detected both pathways in human specimens, and observed that both were activated in AVFs ( Figure 6A ). In vitro, both pathways were similarly suppressed in NLRP3-deficient VSMCs after CKD serum stimulation ( Figure 6B and 6C) . The small-molecule inhibitors that block caspase-1/IL-1b or Smad2/3 signaling were used. We found that SIS3 (Smad3 inhibitor), but not VX-765 (caspase-1 inhibitor), significantly suppressed CKD serum-induced VSMC proliferation ( Figure 6D ) and migration ( Figure 6E) , showing that NLRP3 regulates VSMC proliferation and migration through Smad2/3 phosphorylation rather than through caspase-1/interleukin-1b signaling. Interestingly, MCC950, a diarylsulfonylurea-based compound reported as a highly specific NLRP3 inhibitor and considered to be an inflammasome-related pathway blocker, 26 also significantly attenuated VSMC proliferation ( Figure 6D ), migration ( Figure 6E ), and repressed Smad2/3 signaling ( Figure S7 ), which might be related to its effect on ASC function. fl/fl and CKD NLRP3 SMC KO mice 3 wks after AVF construction. The severity of intimal hyperplasia was quantified as the neointimal/lumen ratio (n=5-6 per group, right). E, Immunofluorescence staining for CNN1 (green) and PCNA (red) was performed in outflow veins from CKD NLRP3 fl/fl and CKD NLRP3 SMC KO mice 3 wks after AVF construction. F, The counts (left) and proportion (right) of PCNA-positive VSMCs were calculated. G, a-SMA, SM22a, and OPN mRNA expressions were measured by qPCR in the outflow veins of the AVFs from CKD NLRP3 fl/fl and CKD NLRP3 SMC KO mice 3 wks after AVF construction; the contralateral jugular vein was used as a control (n=5-6 per group). Scale bars: 100 lm. *P<0.05; ns, not statistically significant; data were analyzed by the unpaired t test. AVF indicates arteriovenous fistula; CKD, chronic kidney disease; CNN1, calponin 1; EVG, Elastica van Gieson; HE, hematoxylin and eosin; mRNA, messenger RNA; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; NLRP3 SMC KO , smooth musclespecific knockout nucleotide-binding oligomerization domain-like receptor protein 3; OPN, osteopontin; PCNA, proliferating cell nuclear antigen; qPCR, quantitative real-time polymerase chain reaction; SM22a, smooth muscle protein 22 a; VSMC, vascular smooth muscle cell; a-SMA, a-smooth muscle actin.
NLRP3 Inhibitor MCC950 Attenuates IH Independent of Macrophages
In order to verify that MCC950 could reduce outflow vein IH induced by AVF surgery, 10 mg/kg of MCC950 [26] [27] [28] or vehicle was administered every other day after AVF creation in CKD WT mice. Blood urea nitrogen, serum creatinine, body weight, blood pressure, and heart rate were measured on POD 21, and there was no statistical significance between the 2 groups ( Figure S5C and S5D) . The outflow veins harvested on POD 21 were examined for morphological changes. Compared with vehicle treatment, treatment with 10 mg/kg MCC950 significantly attenuated IH and the neointimal/lumen ratio in the outflow vein ( Figure 7A and 7B). The total mRNA levels of PCNA ( Figure S6B ) and VSMC proliferation ( Figure 7C and 7D) was also significantly reduced in the outflow vein of AVF from CKD WT mice treated with MCC950. Additionally, the MCC950 group showed higher levels of SM22a mRNA with lower expression of OPN, which meant that MCC950 reduced the VSMCs phenotypic switching in AVF worsened by CKD ( Figure 7E ). Given the clear inhibitory effects of MCC950 on macrophages, which may play a role in the improvement of AVF, we utilized clodronate liposomes 29 
Discussion
The present study provides new insights, indicating that NLRP3 activation contributes to IH induced by AVF surgery and CKD. We observed that NLRP3 signaling was upregulated in the AVF failure period and that the increased NLRP3 was primarily localized in the neointima VSMCs. Thereafter, NLRP3 SMC KO mice showed that smooth muscle-specific knockout NLRP3 attenuates AVF IH; inhibits VSMC phenotypic transformation, proliferation, and migration; and prevents macrophage recruitment by preventing VSMCs Smad2/3 phosphorylation. We finally discovered that MCC950 (a small-molecule inhibitor of NLRP3) administration resulted in tolerance to AVF-induced IH despite CKD.
Immunohistochemistry revealed that most neointimal cells in the neointima of outflow veins express a-SMA, thereby identifying these cells as SMCs, myofibroblasts, or "myofibroblast-like" cells. 30 Recent studies demonstrated dedifferentiated VSMCs, which expressed relatively low levels of ACTA2 (a-SMA) and CNN1, and little to no expression of myosin heavy chain 11 (MYH11), contributing to neointimal hyperplasia in AVF, through VSMC lineage tracing reporter mouse (Myh11-Cre/ERT2-mTmG). 5 Here, we proved that NLRP3 protein is mainly localized in a-SMApositive and CNN1-positive cells. Additionally, the systemic effects of CKD play a significant role in AVF failure. 31 The potential for successful outward remodeling and adequate maturation of a healthy vein may be hindered by CKDinduced vasculopathy, such as IH. 4 VSMCs cultured with CKD serum, compared with those cultured with sham serum, showed significantly increased migration. Moreover, mice with CKD had higher serum levels of OPN, which could stimulate VSMC migration. 6 Local mechanisms controlling VSMC migration and proliferation are important contributors to maturation failure. 32 Thus, we focused more on the function of VSMCs in CKD-related AVF.
Our study revealed the vital role of NLRP3 in AVF and verified its effect on AVF failure acceleration. We concluded that NLRP3 might play a crucial role in regulating Smad2/3 phosphorylation during CKD-related AVF failure. A previous study showed that the systematic knockout of caspase-1 could extenuate IH induced by carotid artery ligation in CKD. 33 This was consistent with our conclusion; our study also showed inhibitory effects on VSMC proliferation caused, to some extent, by caspase-1 inhibitor. However, our study showed that both caspase-1/IL-1b and Smad2/3 signaling were suppressed in NLRP3-deficient VSMCs, and CKD seruminduced VSMC proliferation and migration were more significantly suppressed by Smad3 inhibitor than caspase-1 inhibitor, suggesting that NLRP3 regulates the VSMC phenotypic switching process through Smad2/3 phosphorylation rather than through caspase-1/IL-1 signaling. Therefore, the suppression of inflammatory cells by the systematic knockout of caspase-1 should not be ignored. 10 A limitation of the present study is that we could not determine how NLRP3 regulates Smad2/3 phosphorylation in VSMC. protein levels in the great saphenous vein and occluded AVFs were determined using Western blot analysis (n=4 per group). Quantification is shown at the bottom. B, In vitro, ASC, caspase-1, IL-1b protein levels in primary VSMCs from NLRP3 fl/fl and NLRP3 SMC KO mice (VSMCs were harvested after 24 h starvation and 48 h 20% CKD serum or normal medium stimulation) were determined using Western blot analysis. Quantification is shown at the bottom. C, Smad2/3 protein levels in primary VSMCs from NLRP3 fl/fl and NLRP3 SMC KO mice (VSMCs were harvested after 24 h starvation and 48 h 20% CKD serum or normal medium stimulation) was determined using Western blot analysis. Quantification is shown at the bottom. D, Immunofluorescence staining for Ki67 (red) was used to demonstrate the proliferation of primary VSMCs (left) from WT mice after 24 h starvation and 48 h 20% CKD serum stimulation in the presence of MCC950 (50 lmol/L), VX-765 (20 lmol/L), and SIS3 (3 lmol/L). The proportions of Ki67-positive VSMCs were calculated (right). E, Transwell assays were used to evaluate the migration of primary VSMCs (left) from WT mice after 24 h starvation and 48 h 20% CKD serum stimulation in the presence of MCC950 (50 lmol/L), VX-765 (20 lmol/L), and SIS3 (3 lmol/L), and the cell number per HPF was counted (right). Scale bars: 20 lm. *P<0.05; ns, not statistically significant; data were analyzed by the unpaired t test (A, D, and E) or 1-way ANOVA (B and C). ASC indicates adaptor apoptosis-associated speck-like protein containing a caspase-recruitment domain; AVF, arteriovenous fistula; CKD, chronic kidney disease; DAPI, 4 0 ,6-diamidino-2-phenylindole; HPF, high-power field; IL, interleukin; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; NLRP3 SMC KO , smooth muscle-specific knockout nucleotide-binding oligomerization domain-like receptor protein 3; VSMC, vascular smooth muscle cell; WT, wild-type.
VSMCs in the vessel wall may serve as local propagators of the immune response. 3 Our study indicated that inflammatory factors were released in VSMCs treated with CKD serum. Crosstalk between VSMCs and monocytes ultimately induced IH, during which VSMCs secreted cytokines to activate monocytes, which, in turn, released more inflammatory factors acting on VSMCs. 3, 34 Here, smooth muscle-specific knockout NLRP3 exhibited decreased levels of secretory markers, reduced secretion of inflammatory factors, and weakened monocyte-activating ability. The effects above could explain why smooth muscle-specific knockout NLRP3 was protective against AVF failure from CKD. We found that the inflammasome inhibitor of NLRP3 also repressed Smad2/3 phosphorylation in VSMCs. Although some researchers believed the NLRP3 regulation of Smad2/3 signaling was independent of the inflammasome in fibroblasts, ASC À/À still significantly reduced Smad2/3 phosphorylation. 17 Both NLRP3 and ASC are needed for TGF-b1-mediated Smad2/3 phosphorylation in dendritic cells. 18 Although MCC950 does not affect NLRP3 or ASC expression, it can block NLRP3-induced ASC oligomerization, 26 which might be responsible for its suppression of Smad2/3 phosphorylation in VSMCs. Considering the notable inhibition of mononuclear macrophages by the NLRP3 blocker, MCC950, we aimed to ascertain its effects on VSMCs, since it seemed clear that it mitigated IH in AVF. Thus, we cleared the mononuclear macrophages by using clodronate liposomes and clarified that MCCC950 worked independently of macrophages. Hyperglycemia, 35 hypertension, 36 calcification, 37 and inflammatory factors such as TNF-a 38 and HMGB1 39 have been reported to activate NLRP3-related signaling pathways in VSMCs. The mechanisms of NLRP3 upregulation in VSMCs during CKD-related AVF are unknown. Endothelial injury, hemodynamic changes, and inflammatory cell infiltration may all contribute to this pathology. The complex causes of AVF failure are related to systemic changes associated with CKD. Recent work has shown that cytokines implicated in IH formation, including IL-6, TGF-b1, and TNF-a, are increased in uremia. 40 These stressors have been shown to increase the levels of potent mitogens, in addition to the local inflammation and hypoxia that occur during AVF creation. 41 Our results showed that CKD mice serum, compared with sham mice serum, could further upregulate NLRP3 in VSMCs. We also found that several inflammatory factors, which were increased in the serum of CKD mice, could promote the expression of NLRP3 in VSMCs. Additionally, markers of oxidative damage and lipid peroxidation-8-hydroxy-20-deoxyguanosine, and 4-hydroxy-2-nonenal, whose effects are unknown-have also been identified in uremia. 40 Further study is needed to determine which factor is the most critical in VSMCs NLRP3 upregulation during CKD-related AVF. The role of vascular outward remodeling in the AVF setting is often neglected. Adequate outward remodeling could preserve luminal caliber and may, therefore, be valuable for successful fistula maturation. 42 Although our study noted the inhibition of VSMCs phenotypic switching, proliferation, migration, and inflammatory mediator secretion in NLRP3 deficiency, and all of them were shown to contribute to IH, mature VSMCs demonstrated a dual function in AVF remodeling, with differentiated VSMCs contributing to medial wall thickening towards venous maturation and dedifferentiated VSMCs contributing to neointimal hyperplasia. 5 The effect of adequate maturation on AVF in NLRP3 deficiency needs to be clarified in future studies. Collectively, the data presented here suggest that NLRP3 expressed by VSMCs is crucial to the development and progression of AVF failure, which largely depends on the 
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Relative mRNA levels Sham serum CKD serum Figure S3 . A, Serum from CKD or sham mice were analysed using the ELISA. B, NLRP3 mRNA expression in WT VSMCs was measured by qPCR (VSMCs were harvested after 24 hours of starvation and 24 hours of normal medium cultured in the presence of IL-1β (1ng/ml), IL-6 (1ng/ml), IL-10 (1ng/ml), TNF-α (1ng/ml), M-CSF (10ng/ml), HMGB1 (10ng/ml) and TGF-β (10ng/ml) stimulation; PBS was used as a control). *P<0.05; ns: not statistically significant; data were analysed by the unpaired t test. ELISA, enzyme-linked immunosor-bent assay; CKD, chronic kidney disease; NLRP3, nucleotide-binding oligomerisation domain-like receptor protein 3; mRNA, messenger RNA; WT, wild-type; VSMC, vascular smooth muscle cell; qPCR, quantitative real-time polymerase chain reaction; IL, interleukin; TNF, tumour necrosis factor; M-CSF, macrophage colony-stimulating factor; HMGB1, high-mobility group protein 1; TGF, transforming growth factor; PBS, phosphate-buffered saline. Quantification is shown in the right. *P<0.05; ns: not statistically significant; data were analysed by the unpaired t test. WT, wild-type; LC, clodronate liposomes; PBS, phosphate-buffered saline.
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